We have carried out photodissociation spectroscopy studies of the bimolecular complex Mg ϩ (H 2 CO) in the visible and near-uv regions. The work is supported by electronic structure calculations of the ground and low-lying excited states of the complex. ϩ is the major dissociation product through the uv-visible region. However, in the B ←X , C ←X , and D ←X absorption bands, we also observe a substantial branching to the reactive dissociation product MgH ϩ . The reactive branching ratio increases with photon energy through the absorption bands, reaching a reactive quantum yield of ϳ 1 3 in the D ←X band. Our results suggest that there is no significant activation barrier to reaction above the endothermicity.
Photodissociation spectroscopy and dynamics of Mg
We have carried out photodissociation spectroscopy studies of the bimolecular complex Mg ϩ (H 2 CO) in the visible and near-uv regions. The work is supported by electronic structure calculations of the ground and low-lying excited states of the complex. Mg ϩ -formaldehyde is bound in a C 2v Mg ϩ uOvCH 2 geometry with a theoretical bond energy of D e Љ(Mg-OCH 2 )ϭ1.35 eV.
The complex shows absorption bands that correlate with Mg ϩ -based and formaldehyde-based radiative transitions. The lowest-energy band is assigned as Ã 2 AЈ( 2 B 1 )←X 2 A 1 , to an excited state of mixed Mg ϩ (3p) and H 2 CO(*) orbital character. The band exhibits complex vibrational structure with considerable excitation of the CH 2 out-of-plane wag and CvO stretch modes; the vibrational frequencies are shifted dramatically from their values in the ground state, showing the effect of a significant weakening of the CvO bond and out-of-plane distortion of the complex. ϩ is the major dissociation product through the uv-visible region. However, in the B ←X , C ←X , and D ←X absorption bands, we also observe a substantial branching to the reactive dissociation product MgH ϩ . The reactive branching ratio increases with photon energy through the
I. INTRODUCTION
Significant effort has been devoted to understanding metal-ion-hydrocarbon bimolecular interactions.
1-5 Much of our recent work has focused on the chemical interactions of light metal ions with small alkane and alkene hydrocarbons using photodissociation spectroscopy ''half-collision'' methods. [6] [7] [8] [9] [10] [11] These prototype reactions offer valuable insight into the fundamental dynamics of C-H and C-C bond activation processes by metal ions. The photodissociation spectroscopy of a weakly bound metal-ion-hydrocarbon complex is an important tool for probing chemical interactions. Photodissociation spectroscopy has been used by many groups to probe the interactions of both light ͑group-II͒ metal ions and transition-metal ions with a variety of molecular ligands. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] The method can give quantitative information about the structure and bonding of the complex in both ground and excited states, and provide an important test of ab initio electronic structure calculations. In addition, photodissociation spectroscopy of a weakly bound precursor complex mimics a bimolecular ''half-collision'' and can offer unique insight into the molecular orbital interactions and nonadiabatic coupling effects that determine the reaction pathway.
Recently we used photodissociation spectroscopy to investigate Mg ϩ -acetaldehyde and Al ϩ -acetaldehyde complexes in the visible and near-uv spectral regions. [8] [9] [10] In each case the metal ion binds to the O atom in end-on M ϩ -O-C geometry because the binding is primarily electrostatic and oxygen has a high electronegativity. We observed spectral bands that correlate to both metal-centered and acetaldehydecentered radiative transitions in the complex. Our results suggest that the M ϩ -centered 3p(AЉ)←3s(AЈ) and acetaldehyde-centered *(AЉ)←n(AЈ) transitions are mixed, resulting in substantial vibrational excitation in the complex and leading to broad, unresolved bands. In contrast, the predominantly M ϩ -centered 3p(AЈ)←3s(AЈ) absorption bands for Mg ϩ -and Al ϩ -acetaldehyde each show a prominent vibrational progression that can be assigned to the intermolecular in-plane bend. This is consistent with ab initio calculations that predict a significant geometry change from a near-linear to a bent M -O-C backbone on excitation to 3 p(AЈ). However, detailed spectroscopic analysis was limited by the complicated nature of the vibronic spectrum and fast relaxation that resulted in broad, overlapping vibronic resonance features.
In Mg ϩ -acetaldehyde we were also able to probe the higher-energy 3p 2 AЈ←3s 2 AЈ Mg ϩ -centered absorption band. 8, 9 This band shows strong activity in the low-frequency intermolecular bending and stretching modes and in two high-frequency intramolecular acetaldehyde vibrational modes, a CCO deformation and the CvO stretch. While nonreactive dissociation to Mg ϩ is the dominant photolysis channel throughout the spectrum, excitation in this band also shows a weak reactive branching to MgH ϩ , MgCHO ϩ , and MgCH 3 ϩ products that result from C-H and C-C bond breaking. 9 Isotope substitution experiments verify that reaction involves activation of the aldehydic C-H bond and not one of the methyl C-H bonds. Reaction was only observed from the 3p( 2 AЈ) state, although the reasons for the apparent -like orbital alignment preference for reaction are not fully understood. Simple energetics may play a role; excitation to Mg ϩ ͓3 p( 2 AЈ)͔ occurs at higher energies, possibly above a reaction barrier in the excited state.
Here we report on similar spectroscopic studies of Mg ϩ -formaldehyde. Formaldehyde is the simplest aldehyde, making it an ideal system for investigating metal-carbonyl interactions. The relatively small size and simplicity of formaldehyde mean that accurate ab initio theoretical calculations should be possible. 22 Photodissociation spectroscopy of Mg ϩ -formaldehyde also provides a revealing comparison with results from our previous work on the analogous but more complicated acetaldehyde complex and helps to resolve open issues regarding the structure and chemical bonding in the excited states, and the physical and chemical quenching dynamics. 8, 9 We have investigated the photodissociation spectroscopy of Mg ϩ (H 2 CO) over the spectral range from 220 to 600 nm. We have also carried out supporting ab initio electronic structure calculations of the ground and low-lying energy levels of Mg ϩ -formaldehyde. Our experimental results show that the Mg ϩ -formaldehyde and -acetaldehyde photodissociation spectra are essentially similar and that the metal-ionaldehyde complexes exhibit a distinct spectral character that is quite different from most other weakly bound metal-ionmolecule clusters we have investigated. Because of the relatively smaller size of formaldehyde, the vibrational spectrum is much less congested than for Mg ϩ -acetaldehyde, and exhibits a more well-resolved resonance structure including partially resolved K-subband rotational structure. This provides more detailed information about metal-ion-aldehyde bonding interactions and a more stringent test of the ab initio calculations.
II. EXPERIMENTAL ARRANGEMENT
The experimental apparatus and the application to massselected cluster photodissociation spectroscopy measurements have been previously described. 11 Mg ϩ (H 2 CO) complexes were produced in the supersonic molecular beam expansion from a laser vaporization source. Formaldehyde vapor was obtained by heating solid paraformaldehyde ͓(H 2 CO) n ͔ to a temperature of ϳ150°C. The formaldehyde vapor was then mixed to a concentration of ϳ2% with Ar in a mixing cylinder. The seeded gas mix was used in the pulsed gas valve at a backing pressure of 60 psi. The second harmonic of a pulsed Nd:YAG ͑yttrium aluminum garnet͒ laser was focused onto the metal rod surface and timed to overlap the seeded gas pulse. The source mass spectrum was clean, showing strong peaks only for the cluster ion families Mg ϩ (H 2 CO) n and MgAr n ϩ . Downstream from the source and molecular beam skimmer, ion clusters were pulse-extracted and accelerated into the flight tube of an angular reflectron time-of-flight mass spectrometer. A pulsed mass gate was used to select the Mg ϩ (H 2 CO) parent cluster. The parent cluster was focused into the reflectron of the time-of-flight apparatus. The output from an injection-seeded Nd:YAG laser pumped tunable optical parametric oscillator ͑OPO͒ ͑Spectra-Physics/QuantaRay PRO-250/MOPO SL͒ coupled with a Quanta Ray wavelength extension ͑WEX͒ system for frequency doubling and mixing, was time-delayed to excite the parent ion at the turning point inside the reflectron. The OPO covers the visible ͑424 -690 nm͒ and near-ir ͑730-1800 nm͒ spectral regions with a bandwidth of Ͻ0.2 cm Ϫ1 . The near-uv region from 212 to 345 nm was reached by frequency doubling the OPO output. The region from 340 to 419 nm was accessed by mixing the OPO output with the Nd:YAG laser fundamental at 1064 nm. This leaves a small gap in the spectrum between 419 and 424 nm. In principle, doubling the OPO output at around 840 nm could cover this 5-nm interval. We did not make an effort to fill this gap as it does not have any significant effect on the spectral assignment.
Parents and daughter fragment ions were then reaccelerated to an off-axis microchannel plate detector in a typical tandem time-of-flight arrangement. Two digital oscilloscopes, a multichannel scaler, and a set of gated integrators were used to monitor the mass spectrum and were interfaced to a laboratory personal computer to record the data for further analysis. The photodissociation action spectrum was determined by normalizing the daughter signal with respect to the parent ion signal and laser power while scanning the laser wavelength. Results from a series of laser power dependence tests were consistent with a one-photon excitation process. However, because of possible saturation effects for boundbound transitions we cannot entirely rule out multiphoton effects in some of the observed bands.
III. ELECTRONIC STRUCTURE CALCULATIONS
Ab initio electronic structure calculations on the GAUSS-IAN '98 platform show Mg ϩ -formaldehyde to be moderately strongly bound in an equilibrium Mg ϩ -OCH 2 C 2v geometry. 23 The metal-oxide bond dissociation energy is D e Љ(Mg-OCH 2 )ϭ1.51 eV at the Hartree-Fock HF/6-311ϩ ϩg(2d,2p) level, and the Mg ϩ -O equilibrium bond distance is R Mg-O ϭ1.991 Å. The formaldehyde moiety is relatively undistorted, with a planar OCH 2 structure and a C-O bond length of R C-O ϭ1.201 Å. These results are in good agreement with results from earlier calculations by Partridge and Bauschlicher. 22 They showed that the bonding is predominantly electrostatic in nature. The strong electrostatic bond results in part from a polarization of charge on the O atom that also slightly weakens and stretches the CvO bond. We have also carried out an MP2 ͑Moller-Plesset second order perturbation͒ optimization calculation ͓MP2/6-311ϩϩg(2d,2p)͔ and find a similar C 2v complex but with a weaker Mg ϩ -O bond, R Mg-O ϭ2.039 Å and
The excited-state structure is complicated, with a large number of interacting electronic states. Radiative transitions to low-lying states with both metal-centered p←s and aldehyde-centered *←n character are possible. We expect that the metal-based transitions correlating with Mg ϩ (3p ←3s) excitation should be stronger and dominate the absorption spectrum. Electrostatic arguments suggest that the Mg ϩ -based 3p excited states will be more attractive than the 3s ground state since the electron density along the intermolecular axis is reduced, leading to an increase in the strength of the ion-dipole attraction. On the other hand, the 3 p state should be less strongly bound than the ground state owing to the increase in repulsion along the Mg-O bond axis.
To help clarify the spectral assignment we have carried out a configuration interaction with single excitation calculation ͓CIS/6-311ϩϩg(2d,2p)͔ for the low-lying doublet excited states of the complex. Our previous experience with similar metal-ion-ligand complexes indicates that the CIS method can be quite accurate for excited states that correspond to predominantly metal-centered excitations, while it does a rather poor job for states with significant ligand-based excitation character, that may involve a change in bond order and where configuration mixing and correlation effects are important. Results from the ab initio calculations support the qualitative arguments above. atoms remain in the molecular plane but the Mg-O-C bond angle changes from 180.0°to 144.4°. The Mg-O bond also shows slight contraction to an equilibrium bond length of 1.948 Å. The bonding is still primarily electrostatic in this state-but the complex bends in order to minimize steric repulsion between the O nonbonding n orbitals and the inplane Mg ϩ 3p orbital. The state is 2 AЈ in C s symmetry but is derived from the 2 B 2 state of the C 2v complex. The large change in the Mg-O-C bond angle suggests that the intermolecular in-plane bending vibration will be active in the absorption spectrum. A frequency calculation gives the three low-frequency intermolecular vibrations as the 1 Mg-O-C in-plane bend ͓aЈ(b 2 )͔ at 187 cm Ϫ1 , the 2 Mg-O-C outof-plane bend ͓aЉ(b 1 )͔ at 258 cm Ϫ1 , and the 3 Mg-O stretch ͓aЈ(a 1 )͔ at 465 cm Ϫ1 ͑Table I͒.
The third excited state, C 2 A 2 , correlates predominantly with the formaldehyde-based excited state that arises from an *←n excitation ͑from a nonbonding oxygen-centered orbital to the * antibonding orbital on the CvO bond͒. Molecular orbital considerations suggest that the electrostatic interactions for the ground state and excited state will not be markedly different. 8 We would expect that the formaldehydebased absorption band in the complex should be relatively unshifted from its position in the bare molecule. In isolated formaldehyde the *←n transition origin appears near 353 nm. The CIS calculation predicts a vertical excitation energy of 4.61 eV ͑ϳ268.8 nm͒ for this band; as noted above, because of the limitations in the CIS method, this prediction is not expected to be especially reliable.
The fourth excited state, D 
IV. RESULTS AND DISCUSSION

A. Electronic band assignment
The photodissociation action spectrum for Mg ϩ -formaldehyde shows four distinct absorption bands, three redshifted and one blueshifted from the Mg ϩ (3s →3 p) resonance at 280 nm, labeled as Ã ,B ,C ,D ←X ͑Fig. 1͒. All of the bands exhibit some vibrational structure. In addition, the vibrational resonances of the B ←X band starting at 29 175 cm Ϫ1 also show partially resolved K-subband rotational structure. Band assignments are based largely on the ab initio model predictions.
The , which agrees very well with the CIS-predicted vertical excitation energy for this band of 29 250 cm Ϫ1 .
Toward the high-energy side of the B ←X band we observe the onset of a new continuum band that appears to show several broad undulations ͑Fig. 1͒. This band starts at ϳ31 000 cm Ϫ1 ͑although the origin is not obvious due to overlap with B ←X ) and extends to ϳ37 000 cm Ϫ1 . This is close to the position of the *( 1 AЉ)←n( 1 A 1 ) formaldehyde transition and accordingly the band is assigned as C 2 AЉ( 2 A 2 )←X 2 A 1 . The corresponding transition in bare formaldehyde has been the subject of a large number of investigations and has been well reviewed in literature. 24 -28 The formaldehyde *( ; as anticipated, the agreement with the observed band position is poor for this transition.
The blueshifted band of Fig. 1 , with an origin at 40 473 cm
Ϫ1
, also shows pronounced vibrational resonance structure ͑including activity in both low-frequency intermolecular and high-frequency intramolecular vibrational modes͒ and is assigned as D 2 A 1 ←X 2 A 1 in C 2v geometry, correlating to the Mg ϩ -based 3p←3s transition. This band position is in very good agreement with the CIS-predicted vertical excitation energy of 40 980 cm Ϫ1 . Mg ϩ is the dominant photolysis product throughout the spectral range covered in these experiments. However, a small reactive branching to the MgH ϩ product is observed; the reactive branching appears to rise as function of photolysis energy through the bands reaching a maximum quantum yield of ϳ33% in the D ←X band. An expanded view of the Ã ←X band is shown in Fig. 2 . The band extends from ϳ17 200 to ϳ29 000 cm Ϫ1 and contains a long series of broad vibrational resonance features ͑Table II͒. These broad features are separated by ϳ650 cm Ϫ1 , and each contains several sharp peaks. However, even these sharp peaks are quite broad with a full width at half maximum ͑FWHM͒ of ϳ70 cm Ϫ1 in the 20 000-26 000-cm Ϫ1 region. The FWHM becomes larger towards higher energy. This linewidth is too large to be associated with rotational broadening given our cluster temperature of T r ϳ15 K ͑vide infra͒. The broadening in this band is also independent of laser power and is probably due to homogeneous broadening, indicating a very short upper-state lifetime. The vibrational band extends over 10 000 cm Ϫ1 ; this degree of vibrational excitation implies a large geometry change on excitation. The Franck-Condon envelope is falling towards the red and the band origin is not obvious. The large redshift ͑Ͼ2.28 eV͒ of the band origin from the Mg ϩ 3 p←3s resonance transition indicates the interaction between Mg ϩ and formaldehyde in the Ã state is very strong. The vibrational structure in this band is revealing. Careful analysis of the spectrum in the 19 000-26 000-cm Ϫ1 region of strong absorption shows two overlapping vibrational progressions based on mode frequencies of ϳ650 and ϳ1250 cm
. There are two plausible assignments for these modes. Our CIS calculations predict a large geometry change in the Mg-O bond length on excitation in this band. Thus, we should expect the 3 Mg-O intermolecular stretch mode to be active with a CIS predicted frequency of 480 cm Ϫ1 . Based on the CIS results the higher-energy mode at ϳ1250 cm Ϫ1 could then be assigned either as the 5 CH 2 in-plane rocking mode with a calculated frequency of 1295 cm Ϫ1 or the 4 CH 2 out-of-plane wagging mode with a calculated frequency of 1349 cm Ϫ1 . However, the observed mode frequency at ϳ650 cm Ϫ1 is substantially higher than the predicted Mg-O stretch frequency of 480 cm Ϫ1 . It is possible that the CIS calculation is simply in error by this amount. The CIS method does not adequately handle the effect of mixing in some formaldehyde *-orbital character in the excited state; the effect of this mixing could result in a stronger Mg-O bond with a higher mode energy than predicted at the CIS level. It is also difficult to understand, based on the CIS-predicted equilibrium geometry for the Ã 2 B 1 excited state, why there should be such strong activity in any of the high-frequency vibrational modes of formaldehyde. The degree of vibrational excitation clearly points to a highly distorted excited state complex that is not reflected in the CIS calculations.
There is, however, another possible assignment. As the CIS calculations show, the radiative transition is of mixed character, to an excited (b 1 ) state with both Mg ϩ 3p-orbital and formaldehyde *-orbital character. Transferring electron density into the *-antibonding lowest unoccupied molecular orbital ͑LUMO͒ of formaldehyde leads to a significant weakening of the C-O bond and formation of a partial Mg-O bond. As noted above, the *←n transition in isolated formaldehyde causes a distortion out-of-plane to a pyramidal geometry. 25 The resulting vibronic spectrum is complicated and includes substantial excitation of the CH 2 out-of-plane wag and C-O stretch modes. If there is significant transfer of electron density into the * LUMO in this band of Mg ϩ -formaldehyde, then we expect the formaldehyde ligand to distort out-of-plane into the pyramidal structure that characterizes the 1 AЉ excited state of bare formaldehyde. Interestingly, in the 1 AЉ excited state of isolated formaldehyde there is a huge change in the vibrational mode frequencies. 25 In particular, because the C-O bond is substantially weakened by the addition of electron density into the carbonyl * antibonding LUMO, the to the 7 C-O stretch in a 2 AЈ state of a C s complex. The vibrational structure in Ã ←X can thus be considered as a combination of only two vibrational modes. The 7 C-O stretch mode at 1250 cm Ϫ1 forms a long progression that becomes the backbone of the absorption band. The second mode, the 4 CH 2 wag, forms a new progression built on each member of the 7 series. As noted the band origin is not obvious. Because of the severe homogeneous broadening we have not attempted to carry out isotope shift experiments. For these reasons we cannot assign absolute vibrational quantum numbers to the progressions. The quantum numbers for this band given in Table II and Fig. 2 are not absolute, but are assigned relative to the first observed peak at 17 278 cm
. Birge-Sponer plots of each mode show rather large slopes with anharmonicity constants e x e ϭ6Ϯ1 cm Ϫ1 for 7 and e x e ϭ4Ϯ2 cm Ϫ1 for 4 . Because of the uncertainty regarding the absolute numbering, and the rather large anharmonicity we cannot easily determine the fundamental mode frequencies. Averaging over the observed spacings for the series labeled 7 1 4 n and 7 n 4 1 give approximate values for the mode frequencies of 7 ϭ1240 cm Ϫ1 and 4 ϭ640 cm Ϫ1 . As noted above the vibrational resonances in this band exhibit significant homogeneous linewidths. The linewidths are consistent with an upper-state lifetime of Ͻ500 fs or Ͻ7 vibrations of the Mg-O stretch ͑the mode that couples to the The absolute quantum numbering of the modes in the Ã ←X band is not known. The quantum numbers here are assigned relative to the first observed peak at 17 278 cm Ϫ1 . dissociation coordinate͒. Vibrational predissociation to an excited state asymptote is not energetically possible in this spectral region: there is not enough energy available to both break the Mg-O bond and reach any of the excited-state asymptotes. Dissociation must involve an electronically nonadiabatic transition to the ground-state surface through vibronic coupling ͑internal conversion͒. In the C s complex both states are 2 AЈ. These ''half-collision'' spectroscopic results suggest a dynamical model for the quenching of Mg ϩ* (3p) in a lowenergy, orbitally aligned 3p( 2 B 1 ), O-end-on collision with H 2 CO. In this symmetry the Mg ϩ 3p orbital is aligned perpendicular to the molecular symmetry plane and can overlap the formaldehyde * LUMO, allowing for efficient transfer of electron density into the carbonyl antibonding orbital. Quenching will occur primarily by vibronic coupling (E-E,V energy transfer͒ through a long-lived collision complex, and result in Mg ϩ (3s) and vibrationally hot H 2 CO products with strong activity in the formaldehyde CvO stretch and CH 2 wagging modes.
These conclusions are also consistent with our previous study of the related Mg ϩ -acetaldehyde complex. 8, 9 In that case the lowest-energy band appears as a weak and broad unresolved continuum. We argued that the lack of observable spectral structure was due to an analogous E-E/V quenching process accompanied by fast intramolecular vibrational relaxation ͑IVR͒, and resulting in a complicated and unresolved vibrational spectrum. An expanded view of the B ←X band is shown in Fig. 3 . The first several peaks form an obvious progression while at high energy the spectrum becomes more congested ͑Table II͒. Each resonance peak exhibits a characteristic doublet structure with an intensity ratio of about 2:3. The doublet splitting is ϳ14 cm Ϫ1 and remains roughly constant through the entire band. The doublet splitting arises from partially resolved rotational structure and will be described in more detail below. First we analyze the vibrational structure.
The band origin is at 29 175 cm Ϫ1 and there is an obvious five-membered progression built on this origin showing a fundamental frequency e ϳ200 cm Ϫ1 . The low-energy mode shows a large anharmonicity and the progression approaches an abrupt end near ϳ30 000 cm Ϫ1 . Birge-Sponer analysis gives the fundamental mode frequency e ϭ212 Ϯ9 cm Ϫ1 and anharmonicity parameters e x e ϭ2Ϯ3 cm
and e y e ϭϪ1.2Ϯ0.4 cm Ϫ1 . This low-frequency vibration is too low in energy to be the intermolecular stretch expected near 465 cm
, and must correspond to one of the intermolecular bending modes of the complex. The progression is very anharmonic and the apparent dissociation limit near ϳ30 000 cm Ϫ1 is too low in energy to be any of the expected excited-state asymptotes for the Mg ϩ product. Thus, the apparent dissociation limit probably corresponds to a barrier to some internal motion or isomerization.
CIS calculations of the B 2 AЈ( 2 B 2 ) state equilibrium geometry show a slight contraction in the Mg-O bond ͑from 1.99 to 1.95 Å͒, and a rather dramatic change in the Mg-O-C in-plane bending angle ͑from 180°to 144°͒. Based on these CIS results we expect to find strong activity in the intermolecular Mg-O stretch and in-plane Mg-O-C bending modes. We therefore assign the prominent low-frequency mode to the 1 intermolecular in-plane wag ͓aЈ(b 2 )͔. The CIS predicted frequency for this mode in B 2 AЈ is 187 cm Ϫ1 , in very good agreement with the measured value, 1 ϭ212 cm Ϫ1 . We assume that the apparent barrier of ϳ800 cm Ϫ1 is associated with isomerization, perhaps associated with inversion through linearity or possibly H-atom transfer in the bent complex. Our previous work on Mg ϩ -acetaldehyde also showed a similar short anharmonic progression of in-plane bending vibration with a fundamental frequency of 148 cm Ϫ1 . 8 There are three additional progressions in the lowfrequency mode evident in the spectrum. One of these is built on an origin at 29 631 cm Ϫ1 ϭ0 0 0 ϩ456 cm Ϫ1 ; this progression is also five-membered with an apparent end near 30 500 cm Ϫ1 . It is likely that this corresponds to excitation of one quantum of the 3 intermolecular Mg-O stretch ͓aЈ(a 1 )͔ in the complex. The measured value, 3 ϭ456 cm Ϫ1 , is in very good agreement with the CIS predicted value of 465 cm Ϫ1 for B 2 AЈ. The second and third quanta of the stretch mode can also be identified at higher energies and each forms a new progression with the in-plane bending mode ͑although the last progression is not complete͒. The major features of this absorption band thus can be assigned to combinations of the 1 intermolecular in-plane bend ͓aЈ(b 2 )͔ and 3 stretch modes ͓aЈ(a 1 )͔. The overall assignments are summarized in Table II .
There is at least one additional progression that cannot be assigned in this way. The progression is built on an apparent origin at 30 164 cm Ϫ1 and shows a vibrational spacing of 456 cm Ϫ1 , the intermolecular stretch frequency. The apparent origin is at 0 0 0 ϩ989 cm Ϫ1 . Such a difference cannot be solved by the combination of intermolecular modes. We believe this resonance corresponds to the first quantum of the 5 CH 2 in-plane rocking mode ͓aЈ(b 2 )͔ ( 5 ϭ989 cm Ϫ1 ) with a calculated frequency of 1360 cm
. This in-plane rocking motion is expected based on the geometry change of the complex. However, the agreement with the predicted fre- quency for this mode is not very good, even if we apply the usual ''90% rule'' to the ab initio frequency.
The Mg-O stretch progression can be used to derive the Mg ϩ -formaldehyde dissociation energy. The progression of the stretch mode itself (3 0 n ) is rather weak but the progression with one quantum of in-plane bend ( We now turn our attention to the rotational substructure observed in the vibrational resonances of this band. An expanded view of the doublet rotational structure in one such resonance is shown in Fig. 4 . The rotational constants obtained from the ab initio calculation show large A-axis rotational constants with AӷBϳC in both the ground and excited states. We therefore model the complex as a prolate symmetric top. For a symmetric top there are two types of possible transitions, perpendicular (⌬KϭϮ1) or parallel (⌬Kϭ0). For the 2 B 2 ← 2 A 1 Franck-Condon transition we expect a perpendicular band. However, because of the geometry change, the axis switching effect could introduce some forbidden (⌬Kϭ0) character into the transition. 29, 30 We have estimated the axis switching angle ( r ) and find that the effect should be small ( r ϳ4°); this is in agreement with our rotational fitting analysis that shows the observed transition is predominantly ⌬KϭϮ1. Figure 4 shows the result of a simulation of the rotational structure assuming a purely perpendicular transition with ortho:para ratio 1:3, and rotational constants AЉϭ9.1, BЉϭCЉϭ0.163 cm Ϫ1 and AЈϭ3.75, BЈϭCЈϭ0.188 cm Ϫ1 . The lower energy peak corresponds roughly to the transitions KЉϭ1→KЈϭ0 while the higher-energy peak corresponds to the nearly overlapping transitions KЉϭ0→KЈϭ1 and KЉ ϭ1→KЈϭ2. Note that there is no apparent ⌬J substructure within these ⌬K bands. The best-fit rotational temperature is T r ϳ15 K. The best-fit homogeneous linewidth is ϳ1.5 cm
, which is very much larger than the bandwidth of our laser system ͑Ͻ0.2 cm Ϫ1 ͒. The spectrum was measured at the lowest laser powers consistent with a manageable signal-tonoise level. However, because bound-bound transitions are easily saturated we cannot rule out the possibility that the observed linewidth may be due in part to saturation broadening. Dissociation in this state might proceed through rotational coupling to the lower-lying Ã state that derives from the 2 B 1 state of C 2v symmetry. The broadening of the rotational structure gives a large uncertainty on the best-fit rotational constants. The results are AЉϭ9.10Ϯ1.40 and BЉ (CЉ)ϭ0.166Ϯ0.022 cm Ϫ1 for the lower state, and AЈϭ3.75Ϯ0. 30 and BЈ (CЈ)ϭ0.188 Ϯ0.023 cm Ϫ1 for the B state. These are in fairly good agreement with the CIS ab initio predictions ͑Table III͒. While the absolute uncertainty on each parameter is large, the differences AЈϪAЉ and BЈϪBЉ are known much more accurately. In particular, the difference in A constants is very sensitive to the Mg-O-C bond angle and these results clearly show that the bond angle changes markedly from a linear or near-linear ground state ͑Mg-O-C͒ϭ180°Ϯ15°to a bent excited state ͑Mg-O-C͒ϭ139°Ϯ3°. This result gives the first definitive experimental evidence that Mg ϩ -formaldehyde has a bent structure in this excited state. Note the 139°Ϯ3°value obtained here is quite close to the ab initio result of 144.4°. Thus the rotational analysis establishes that the electronic excitation is accompanied by a large change in the Mg-O-C intermolecular bending angle, consistent with the CIS ab initio calculations. These spectroscopic results for the B AЈ state of Mg ϩ -formaldehyde are remarkably similar to our previous results on the analogous Mg ϩ -acetaldehyde 3 p(AЈ)←3s(AЈ) band and support the assignments and conclusions drawn earlier from that work. 3 p( 2 B 2 ), O-end-on collision with H 2 CO: quenching will be inefficient and occur primarily through weak rotational coupling to the 2 B 1 surface, followed by E-E,V energy transfer quenching on 2 B 1 as described above. However, there is also evidence that this physical quenching process may compete with a C-H bond insertion reaction to MgH ϩ ϩHCO products as discussed below. The C ←X band correlates with the *←n band of bare formaldehyde. As discussed above, formaldehyde distorts to a pyramidal geometry in this transition with the CvO bond length increasing from 1.21 to 1.32 Å. The CH 2 wag and CvO stretch frequencies change dramatically from 1167 and 1746 cm Ϫ1 in the ground state to 683 and 1182 cm Ϫ1 in the 1AЉ excited state. In Mg ϩ -formaldehyde this band appears as a broad continuum band that does, however, show several undulations separated by ϳ600 cm Ϫ1 . These undulations are probably related to the CvO stretch mode and the CH 2 out-of-plane wagging modes of a C s pyramidal complex as discussed above, but given the broad nature of the absorption band, it is not possible to make a definite vibrational assignment. Fig. 5 . Unfortunately, the vibrational resonance peaks are broad and no obvious rotational substructure is observed. There is an obvious three-membered progression with a vibrational spacing of ϳ350 cm Ϫ1 built on an origin at 40 473 cm
. This progression is assigned to the 3 surprising that the experimental bond from the analysis of the D state spectrum is so much lower than the theoretical bond energy, which itself is likely to be an underestimate of the true bond energy. We do not have a good explanation for this discrepancy.
There are also two short progressions in the 3 intermolecular stretch built on origins at 0 0 0 ϩ85 cm Ϫ1 and 0 0 0 ϩ234 cm Ϫ1 . These are assigned to progressions with 1 quantum of 1 Mg-O-C intermolecular in-plane bend (b 2 ) and 2 Mg-O-C out-of-plane bend (b 1 ), respectively. At much higher energy we observe a strong peak at 42 124 cm Ϫ1 (0 0 0 ϩ1651 cm Ϫ1 ). This peak is assigned to the 7 intramolecular CvO stretch mode (a 1 ) and is expected since the formation of a partial Mg-O bond will cause the CvO bond to weaken and stretch. Note that we see no evidence for any CH 2 rocking or wagging motions that might be expected if the complex were to significantly distort out of planar geometry.
The dissociation mechanism from this state is not obvious. There is not enough energy to dissociate directly to the Mg ϩ* (3p)ϩH 2 CO asymptote. Predissociation to the lowerlying H 2 CO*( 1 AЉ)ϩMg ϩ asymptote is energetically possible but requires distortion out of C 2v geometry since ͑in C 2v ) the upper state is 2 A 1 and the lower state is 2 A 2 . It might also be possible to couple through a vibronic interaction to the lower-lying states of 2 B 2 or 2 B 1 symmetry, or directly to the ground-state surface since both are 2 A 1 . However, the details of this coupling are not obvious since the states are all well separated in energy at the D -state equilibrium geometry. Of course at these high excitation energies, resonance-enhanced multiphoton dissociation through highlying electronic states cannot be entirely ruled out.
C. Reaction dynamics and product branching
Mg ϩ is the major dissociation product through the uvvisible region. However, in the B ←X , C ←X , and D ←X absorption bands, we also observe a substantial branching to the reactive dissociation product MgH ϩ . There are no other dissociation products evident. In Fig. 6 we show the photodissociation product mass spectra at selected wavelengths. MgH ϩ is not observed in the lowest-energy Ã ←X band as expected based on the energetics. The ͓MgH ϩ ͔/͓Mg ϩ ͔ branching ratio is plotted as a function of photon energy in Fig. 7 .
MgH ϩ is thus observed in two metal-centered and in the formaldehyde-centered excitation bands. MgH ϩ shows the same resonance structure in the action spectrum as the Mg nonreactive product. There is no significant difference evident in the reactive to nonreactive dissociative branching ratio due to selective excitation of different vibrational modes. However, the branching ratio obviously increases monotonically as a function of photon energy through the near-uv region. The ͓MgH ϩ ͔/͓Mg ϩ ͔ ratio is about 8 -9% in the B ←X band and increases to 10-25% in the C ←X band. In the highest-energy D ←X band this ratio is close to 50% i.e., a 33% total reactive yield͒. Thus, in contrast to the Mg ϩ -acetaldehyde where reactive channels contribute ϳ5% of the overall dissociation products, in Mg ϩ -formaldehyde we see here a large branching to the reactive channel (MgH ϩ ). Using the available bond energies the energetic threshold for the reaction ϳ29 000 cm Ϫ1 , it appears that reaction can proceed with no appreciable activation barrier above the endothermicity. However, in the Franck-Condon excitation geometry the metal ion is nearly end-on to the O-C bond and before C-H bond activation, Mg ϩ has to migrate to become centered on one of the C-H bonds. Depending on the electronic state there will be an energy cost associated with this rearrangement to the transition-state geometry and the increasing reaction yield with photon energy probably reflects this kinetic barrier to reaction.
In the D state, with an energy well above the reaction threshold, the reactive quantum yield is roughly constant at ϳ 1 3 . We hypothesize that reaction might occur by bending in-plane to a transition-state geometry with Mg ϩ centered on the C-H bond. ͓This could be accomplished by vibronic coupling to the lower-lying B 2 AЈ( 2 B 2 ) state since both are AЈ in C s geometry.͔ This could then be followed by a nonadiabatic bond-stretch insertion process facilitated by the overlap of the Mg ϩ p orbital with the C-H * antibonding orbital in the bent transition-state geometry. Such a reaction mechanism has been used previously to explain the reactions of light metal ions in their p states with methyl C-H bonds. 6 In this proposed mechanism nonreactive quenching could result from a frustrated insertion reaction.
It is also useful to note that direct photodissociation of bare formaldehyde is possible in the near-uv region through three separate channels ͑with thermodynamic thresholds as shown͒: 28 H 2 COϩh→HϩHCO ͑ р330 nm͒
It is possible that the MgH ϩ observed in the formaldehydebased C ←X band could result from direct photodissociation of the formaldehyde moiety, with Mg ϩ acting as a spectator. However, this seems unlikely: we do not see any evidence for Mg ϩ (HCO), or Mg ϩ (CO) products that might be expected as significant products from this process. In any case the MgH ϩ product observed in the metal-based excitation bands must certainly result from an intracluster reaction.
We have previously observed and investigated photochemistry in Mg ϩ -acetaldehyde bimolecular complexes. 9 In that case reaction was observed only for excitation in the blueshifted 3p(AЈ)←3s(AЈ) band ͑corresponding here to D ←X ), suggesting a -like electronic orbital alignment preference for chemical quenching. However, we cautioned that this apparent orbital alignment selectivity might simply be an energy effect: the 3p(AЈ) band lies higher in energy and may be above any kinetic barrier associated with rearrangement.
The results we report here for Mg ϩ -formaldehyde bear this out. A reaction is observed in all of the electronically excited states that lie above the reaction threshold, with a reaction yield that increases substantially with energy above threshold. In the Mg ϩ -acetaldehyde experiment we observed reaction products (MgH ϩ , MgCHO ϩ , and MgCH 3 ϩ ) that correspond to breaking either the aldehydic C-H or C-C bonds with roughly comparable yields. This result showed that there were no significant steric hindrance effects on Mg ϩ attack of the C-C bond of acetaldehyde. Our results here are consistent with the previous work but show that the reaction yield is much higher for the Mg ϩ -formaldehyde case.
V. CONCLUSIONS
We have carried out studies of the spectroscopy and chemical dynamics of Mg ϩ -formaldehyde in the visible and near-uv regions. The work is supported by electronic structure calculations of the ground and low-lying excited states of the complex. Probing the electronic structure provides a stringent test of ab initio predictions. Photodissociation of the weakly bound Mg ϩ •OCH 2 complex represents the halfcollision analog of the quenching of orbitally aligned Mg ϩ* (3p) in a near-O-end-on, low-energy collision with formaldehyde and gives valuable insight into the orbital interactions and nonadiabatic coupling effects that determine the chemical dynamics.
The complex is electrostatically bound in C 2v end-on Mg ϩ uOvCH 2 geometry, with a bond dissociation energy of D e Љϭ1.35 eV at the MP2/6-311ϩϩg(2d,2p) level. These spectroscopic results are very similar to those obtained previously for the more complex Mg ϩ -acetaldehyde system. However, the Mg ϩ -formaldehyde spectrum shows a more well-resolved resonance structure, allowing a better test of ab initio predictions. Overall our results show that the CIS method works quite well for the predominantly Mg ϩ -based transitions, but fails badly for the transitions that show appreciable formaldehyde-based excited-state character. Interestingly, the experimental values for the bond dissociation energy of the ground state obtained from Birge-Sponer analysis are somewhat lower than the theoretical bond energy at both the HF and the MP2 levels ͑although the MP2 bond energy is in better agreement͒.
Mg ϩ -aldehyde spectroscopy shows a distinct character that is different from the spectroscopy of other weakly bound Mg ϩ -molecule complexes. [13] [14] [15] the vibronic spectrum is dominated by a long intermolecular stretch progression in the attractive Mg ϩ -based excited states of 3p-orbital character. In Mg ϩ -aldehyde complexes the vibronic spectrum is dominated by considerable excitation of the high-energy intramolecular aldehyde vibrational modes ͓in 3p(b 1 ) symmetry͔, or a strong intermolecular in-plane bend progression ͓in 3p(b 2 ) symmetry͔. On the other hand, excitation of the states of 3p-orbital character typically leads to a continuum band resulting from direct dissociation of the complex to the Mg ϩ* (3p) excited state. However, in Mg ϩ -aldehyde complexes this excitation leads to a bound state that shows a significant vibrational structure consistent with formation of a partial Mg-O -bond.
Mg ϩ is the major dissociation product through the uvvisible region. However, in the B ←X , C ←X , and D ←X absorption bands, we also observe a substantial branching to the reactive dissociation product MgH ϩ . The reactive branching ratio increases with photon energy through the absorption bands, reaching a reactive quantum yield of ϳ 1 3 in the D ←X band. The total reactive quantum yield in Mg ϩ -formaldehyde is significantly higher than in Mg ϩ -acetaldehyde. Our results imply that there is no significant activation barrier to reaction above the endothermicity. The increasing reaction yield with photon energy probably reflects a kinetic barrier to reaction associated with rearrangement into the transition-state geometry with Mg ϩ centered on the aldehyde C-H bond. We hope that these data will stimulate more accurate theoretical calculations of this interesting prototype chemical system.
